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Abstract 

In this study, the effects of different loading conditions on the local behavior and 
crack growth in a particulate composite material were investigated. The material 
under investigation contains hard particles embedded in a rubbery matrix. Two 
loading conditions, constant strain rate and constant strain, and two confined 
pressures, ambient and 8697 KPa, were considered. The experimental data were 
analyzed and the results are discussed. 

1 Introduction 

In past years, a considerable amount of work has been done studying crack 
growth behavior in particulate composite materials under different loading 
conditions at ambient pressure [1-4]. The basic approach used in characterizing 
the crack growth behavior in the particulate composite materials is based on 
linear elastic or linear viscoelastic fracture mechanics. Experimental findings 
indicate that power law relationships exist between the crack growth rate, da/dt, 
and the Mode I stress intensity factor, K^. These experimental findings support 
the theory developed by Knauss [5] and Schapery [6] in their studies of crack 
growth behavior in linear viscoelastic materials. It is known that classical 
fracture mechanics principles, especially linear elastic fracture mechanics, are 
well established for single-phase materials. Experimental data indicate that 
linear fracture mechanics theories are applied to particulate composite materials 
with varying degrees of success. However, relatively little effort has been made 



to understand the crack growth behavior in such materials under confined 
pressure conditions. 

In this study, pre-cracked specimens were used to study crack growth behavior 
in a paniculate composite material, containing hard particles embedded in a 
rubbery matrix, under two different loading conditions, constant strain rate and 
constant strain, at ambient and 8697 KPa confined pressures. The effects of 
pressure on the local strain fields near the crack tip, the crack opening 
displacement, and the crack growth behavior in the material were investigated 
and the results are discussed. 

2 The Experiments 

In this study, specimens with a pre-cracked surface crack were used to 
determined the crack growth behavior in a particulate composite material 
subjected to two different loading histories, constant strain rate and constant 
strain, at ambient and 8697 KPa confined pressures. The geometry of the pre- 
cracked specimen is shown in Fig.l. Prior to conducting the tests, the specimen 
was loaded in the testing machine inside a pressure chamber. When the pressure 
inside the pressure chamber reached 8697 KPa, the specimen was straining at a 
constant strain rate of 5.8 cm/cm/min. For the constant strain rate loading 
condition, the specimen was stretched until it broke. For the constant strain 
loading condition, the specimen was stretched until a perdetermined strain level 
of 18% was reached. During the test, a high-speed camera was used to monitor 
the crack growth. In addition, the load and time were also recorded. These raw 
data were used to determine the stress, strain, crack length, and crack growth 
rate. 

To determine the strain fields near the crack tip, a Large Deformation Image 
Correlation (LDDIC) program, developed by Gonzalez [7] and Vendroux et.al. 
[8] was used. The LDDIC program was developed by modifying a Digital 
Image Correlation (DIC) program developed by Sutton et.al.[9] for small 
deformations. The problem in applying DIC to compute strain fields in a large 
deformation process is the failure of convergence of the DIC algorithm if the 
strain is larger than 10%. To circumvent this problem, the LDDIC takes 
intermediate images (or steps) of the deformation between the undeformed and 
the deformed states of the deformation, and, then, computes the displacements 
and the displacement gradients for every step of the deformation. The 
intermediate results are combined to produce the displacements and 
displacement gradients for the global deformation. 
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Figure 1 . Specimen geometry. 

In order to check the accuracy of the digital image correlation technique, a 
specimen of homogeneous silicone rubber without a crack and coated with 
microscopic speckles was stretched sequentially and uniaxially to a maximum 
strain of 70% in a sequence of 12 deformation steps of 5.08% strain each. These 
strains were recorded (optically) with the aid of a microscope by keeping track 
of special marks (equal to prescribed strain). In addition, the digital image 
correlation program was used to compute the strain at a given deformation step. 
A comparison of the prescribed strain, obtained optically, and the computed 
strain, obtained by digital image correlation technique, revealed that a maximum 
deviation of 1% occurs at a strain of 40%. This precision is considered to be 
acceptable for experimental mechanics investigations. 

3 Results and Discussion 

It is well known that, on the microscopic scale, a highly filled polymeric 
material can be considered an inhomogeneous material. When these materials 
are stretched, the different sizes and distribution of filled particles, the different 
crosslink density of polymeric chains, and the variation in bond strength 
between the particles and the binder can produce highly nonhomogeneous local 
stress and strength fields. Depending on the magnitude of the local stress and the 
local strength, damage can develop in the material, especially near the crack tip 
region. The damage developed in the material may be in the form of microvoids 
or microcracks in the binder or dewetting between the binder and the filler 
particles. Damage growth in the material may occur as material tearing or as 
successive nucleation and coalescence of the microcracks. These damage 
processes are time dependent and they are the main factor responsible for the 
time sensitivity of strength degradation as well as the fracture behavior of the 



material. Therefore, obtaining a better understanding of crack growth behavior 
requires detailed knowledge of damage mechanisms in the crack tip region. 

When cracks occur, whether resulting from the manufacturing process or from 
service loads, the stresses near the crack tip will be redistributed according to 
nonlinear material behavior. Depending on the magnitude of the local stresses 
and the local strength, various defects, microvoids or microcracks, can develop 
in the crack tip region. And, depending on the severity of these defects, crack 
growth behavior can be significantly affected. Therefore, to obtain a 
fundamental understanding of crack growth behavior in paniculate composite 
materials, the effect of defects on local fracture behavior near the crack tip needs 
to be determined. 

Experimental results indicate that crack tip blunting takes place both before and 
after crack growth. The material at the tip of the crack suffers very large 
elongation and is nearly straight. The highly strained or damage zone extends 
ahead of the crack tip, appearing as an equilateral triangle with the crack tip as 
its base. This damage zone is known as the failure process zone, which is a key 
parameter in viscoelastic fracture mechanics. When the local strain reaches a 
critical value, small voids are generated in the failure process zone. Due to the 
random nature of the microstructure, the first void is not restricted to the surface 
where the maximum normal strain occurs. Since the tendency of the filler 
particle to separate from the binder under a triaxial loading condition is high, it 
is expected that voids, or a damage zone, will also be generated in the 
specimen's interior. Consequently, there are a large number of strands, 
essentially made of binder material, which separate the voids that form inside 
the failure process zone. Under this condition, the transverse constant is 
minimized. As the applied strain increases with time, material fracture occurs at 
the blunted end of the crack tip. This will always be the location of the 
maximum local strain. The failure of the material between the void and the crack 
tip causes the crack to grow into the failure process zone. This kind of crack 
growth mechanism continues until the main crack tip reaches the front of the 
failure process zone. When this occurs, the crack tip resharpens temporarily. 

The damage and crack growth mechanisms discussed in the above paragraphs 
are the basic mechanisms observed in this material under both ambient and 8697 
KPa pressures. The effect of pressure is to suppress the damage and evolution 
processes. 

Typical plots of stress-strain curves with and without surface crack tested under 
ambient and 8697 KPa confined pressures are shown in Figs. 2 and 3. From 
Figs. 2 and 3, it is seen that for the specimen without crack, the stiffness, 
maximum stress, maximum strain, and rupture strain increase significantly when 
the pressure is increased from ambient to 8697 KPa. However, for the cracked 
specimen, the 8697 KPa confined pressure has a large effect on the maximum 
stress and a small effect on the maximum strain.   The rupture strain reduces 



from 50% for the specimen without crack to 25% for the specimen with crack 
under 8697 KPa confined pressure. This implies that the failure of the cracked 
specimen is controlled by the growth of the crack, indicating the notch 
sensitivity of the material. It is interesting to point out that for specimen without 
pre-crack and under 8697 KPa confined pressure, microcracks start to develop 
approximately at 30% applied strain and the number of the microcracks 
increases significantly at 40% applied strain. Finally, the specimen fractures at 
50% applied strain as a result of coalescence of microcracks and propagation of 
a dominant macrocrack. However, for the pre-cracked specimen, the crack starts 
to propagate, approximately, at 10% applied strain, which is in the linear region 
of the stress-strain curve, and no significant number of microcracks develop 
away from the crack tip. Experimental data indicate that in the immediate 
neighborhood of the crack tip, voids develop in the damage zone. 
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Figure 2. Engineering stress versus strain (ambient pressure) 



0.« 0.1 

Strain - cm/cm 

Figure 3. Engineering stress versus strain (8697Kpa pressure) 

Typical crack tip profiles under ambient and 8697 KPa pressures are shown in 
Fig. 4. It is seen that the crack opening displacement (COD) under ambient 
pressure is larger than that under 8697 KPa pressure. Since the COD is related 
to the damage condition at the crack tip, the higher the damage the larger the 
COD, it is expected that the magnitude of the COD will decrease under the 
confined pressure condition as a result of the suppression of the damage. A 
similar behavior is observed when the distribution of the normal strain, ey, is 
plotted as a function of distance ahead of the crack tip, as shown in Fig.5. From 
Fig. 5, the normal strain is smaller under the 8697 KPa confined pressure 
condition. 

(a) 8697 KPa confined Pressure 



(b) Ambient Pressure 

Figure 4. Crack profiles under different confined pressure. 
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Figure 5. Normal strain distributions ahead of the crack tip 

Typical plots of crack length, c, versus time, t, under different loading 
conditions are shown in Figs. 6 and 7. Under the ambient pressure and constant 
strain rate conditions, the crack grows with a relatively high velocity and the 
specimen fractures before the applied strain reaches 18% (Fig.6). However, in 
comparison to the ambient pressure condition, the higher confined pressure 
induces a delay in the onset of crack growth and a higher fracture strain. Figure 
7 shows the crack length as a function of time under the constant strain 
condition. Under the constant strain condition, the crack continues to grow a 
short distance after the machine is stopped at the predetermined 18% strain level 
before it stops propagating. This kind of crack growth behavior is believed to be 



related to the local stress at the crack tip and the viscoelastic nature of the 
material. When the specimen is under the constant strain condition, the stress 
will relax. However, the local stress at the crack tip may still be high enough to 
propagate the crack until the local stress at the crack tip is reduced to a threshold 
value below which no crack growth can occur. In addition, due to the material's 
viscoelastic nature, the local time-dependent material response lags behind and 
is not in phase with the applied deformation. The existence of a time scale or 
phase change between the applied load and the local response is a possible 
contributing factor responsible for the continued growth of the crack for a short 
distance after the machine is stopped. 
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Figure 6. Half crack length versus time (constant strain rate condition) 



1.27 

£ 1.016 
ü 

© 0,762 
£ 
ffl 
-I 

ü 0.508 
<0 

| 0.254 

fl,"V""'""""'■'""""'> |.|llllllM.llllHimltl.l.l.l.U.!J.l.li.;jJUJii 
U« I ! 3 < » I 7 « 

Time (sec) 

Figure 7. Half crack length versus time (constant strain condition). 

A typical plot of crack growth rate versus time under the constant strain 
condition is shown in Fig. 8. According to Fig. 8, the crack growth rate 
continues to increase after the machine is stopped at 18% applied strain level 
and, then, decreases to zero velocity. 
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Figure 8. Crack growth rate versus time (constant strain condition) 



Summary 

In this study, the crack growth behavior in a paniculate composite material 
under different loading conditions was investigated. Experimental findings 
reveal that the crack opening displacement and the normal strain ahead of the 
crack tip are smaller under 8697 KPa confined pressure than that under ambient 
pressure due to the suppression of damage under the high confined pressure 
condition. Experimental findings also indicate that, under the constant strain 
condition, the crack continues to grow a short distance after the machine is 
stopped at 18% applied strain level before it stops propagating. 
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